Summary.
Mature secretory granules in paraneurons contain ATP amongst other small messenger molecules. In the islet organ such stores of adenine nucleotides readily can be demonstrated by means of the quinacrine fluorescence method. ATP is co-released together with other granule constituents when the major hormones are exocytosed.
The distribution of ATP splitting enzymic activities was studied in the pancreas of the mouse and rat, in order to obtain information on the possible fate of this small messenger molecule. ATPase, ADPase, and AMPase (5 '-nucleotidase) were demonstrated with lead precipitation methods, L-tetramisole was used to inhibit unspecific alkaline phosphatase (alPase) ; alPase activities were shown with tetrazolium methods, using 5-bromo-4-chloro-3-indoxyl phosphate as substrate.
Most endothelial cells of the vascular bed, both in the exocrine and in the endocrine pancreas, are reactive for ATPase, ADPase, AMPase and alPase. Smooth These results indicate that in situ most of the secreted ATP readily is split down to AMP and adenosine before leaving the interstitial space. Vascular smooth muscle cells or equivalent contractile cells which are sensitive to these substances are rare in the insular vascular bed as well as in the connected capillary systems (insuloacinar and insulo-ductal connections). Therefore it is suggested that adenosine a) is taken up by the paraneurons to be re-used via the salvage pathway of purines, and b) may act as messenger for inhibitory cellular selfregulation (autocrinia).
Histochemical investigations provided evidence that significant amounts of ATP are stored in a series of paraneurons and it has been suggested that quinacrine (Atebrin) fluorescence may be useful to identify paraneurons (BOCK,1980; Fig. 1) . Primarily the presence of ATP had been shown by chemical methods in the chromaffin granules of adrenal medullary cells (HILLARP and THIEME, 1959) . Since that time chemical analysis of the secretory granule fraction of islet cells also established the presence of ATP (LEITNER et al., 1975) , and ATP or at least adenine nucleotides are listed as regular constituents of secretory granules in paraneurons (FUJITA et al., 1988) . ATP is co-secreted together with the major hormone of the respective paraneuron, in response to appropriate stimulation.
This was studied in detail in the case of insulin secretion after stimulation with glucose; insulin and adenine nucleotides were measured in the effluent of perifused isolated islets (LEITNER et al., 1975) . It is evident, however, that the basal mechanisms of stimulus secretion coupling in the perifused isolated islet are similar to those in situ but by no means identical to the histologically complex situation in regularly perfused islets. For example exocytosed ATP that diffuses to the outer surface of an insular capillary serves as substrate to numerous phosphohydrolases which so in turn generate a potent transmitter (adenosine) which could influence the local circulation, the endocrine cells, or both these targets. It seems unlikely that all the secreted ATP can reach the capillary lumen and a significant portion of the adenine nucleotides there should be removed from the blood plasma either within the islet proper or within its nearest surroundings : adenosine is most rapidly eliminated in blood as well as in tissues, its half-life in human whole blood being in the range of 10 seconds (ONTYD and SCHRADER, 1984) . Cellular uptake is the most effective mechanism to eliminate adenosine, the half-life of which is close to 5 min in cell-free blood plasma (S0LLEvI,1986). Therefore the structural location of phosphohydrolases close to the site where ATP is liberated is of particular importance for the distribution and half-life of this substance, as is the spacial relationship of cells capable of adenosine uptake. Although this does not shed light on the question of possibly existing adenosine receptors on paraneurons, in particular those on pancreatic islet cells, it might give some evidence on the availability of this potent transmitter substance.
MATERIAL AND METHODS
Adult Swiss mice and Sprague Dawley rats were used throughout this study. The animals received food (Altromin) and water ad libitum ; they were routinely killed at 9:00 a.m. by neck dislocation. The pancreas was removed and quickly frozen to -20. Frozen sections were cut at 10 gum thickness and mounted on cover glasses. The sections were used either unfixed or after 10 min fixation in a mixture of 5% formaldehyde (freshly prepared from paraformaldehyde) in 1% CaC12, at 4. After fixation the sections were washed with distilled water and incubated for timed intervals of 15-30 min at +3TC.
Adenosine triphosphatase (ATPase), adenosine diphosphatase (ADPase), and 5'-nucleotidase (AMPase) activities were demonstrated by means of a modified WACHSTEIN-MEISEL incubation medium (KLAUSHOFER and BOCK,1974) . The media consisted of (final concentrations) : 1.0 mM substrate (ATP, ADP, or AMP) 10.0 mM MgSO4 3.6 mM Pb(N03)2 1.0 mM L-tetramisole dissolved in 0.2 M Tris maleate buffer, pH = 7.2. Ltetramisole was regularly added to inhibit nonspecific alkaline phosphatase activities (BORGERS,1973) . After incubation the slices were washed in distilled water, lead phosphate converted to lead sulphide, and were mounted with Sorbit.
Nonspecific alkaline phosphatase activities were demonstrated by the classical GoMORI method (see LOJDA et al., 1979) and by the tetrazolium method of McGADEY (1970) which proved more reliable. The incubation medium consisted of 2 mg 5-bromo-4-chloro-3-indoxyl phosophat and 5 mg Nitro BT, dissolved in 0.8 ml N, N-dimethylformamide, and 9.2 ml Tris-HC1 buffer, pH 9.2. Incubation was performed with unfixed or fixed sections (see above) for timed intervals (10-20 min) at room temperature.
After incubation the sections were washed in distilled water and mounted with Sorbit. In addition to standard incubations, corresponding media were used at pH 7.2 to demonstrate rest activities at physiological pH values, and L-tetramisole was used together with the standard medium to control the effectiveness of the inhibitor.
Pancreatic tissue fixed in formaldehyde-CaC12 was used to isolate islets under the dissection microscope. Isolated islets were incubated in standard media to demonstrate alkaline phosphatase (tetrazolium method) and the development of reaction product was followed microscopically. At the end of incubation the islets were washed with Tris-HC1 buffer, pH 7.2. One group of specimens was routinely postfixed in 1% 0504 in barbital-Na buffer, a second group remained without osmification. The specimens were washed, partially dehydrated with 70% ethanol and embedded in LR white (London Resin Comp., Basingstoke). Semithin and thin sections were cut from this mate- rial, semithin sections were counter-stained with 0.5% aqueous basic fuchsin, thin sections were routinely stained with uranyl acetate and lead citrate. Electron microscope: Zeiss EM 9-S2.
RESULTS
Incubation for ATPase activity shows strong reactivity of endothelial cells within the entire vascular bed, in the exocrine pancreas as well as in the islet organ (Fig. 2) . In addition, smooth muscle cells of arteries and veins are also reactive, as are adventitial fibroblasts, pericanalicular fibroblasts, some flat cells at the periphery of the islets and nerve fibers. The otherwise clear outlining of the vascular bed is somewhat obscured by the faint reactivity of the exocrine gland. Lead deposits are found in the acinar lumen, along the cell surfaces and related to the secretory granules. By contrast, endocrine cells in the islet organ ramain nearly unreactive.
ADPase activity in pancreatic tissue appears to be confined to endothelial cells (Fig. 3) . Staining for ADPase results in clear demonstration of the entire vascular bed. Shortening of the incubation time shows particular reactivity of the periductal capillary plexus. The picture appears remarkably clear because fibroblasts and exocrine parenchyma remain unreactive.
AMPase activity (5'-nucleotidase) is strong in the endothelium of small venules and in the venous segments of the capillary network (Fig. 4) . In particular, capillaries within the islets are scarcely reactive.
Comparison to the distribution of ATPase and AMPase shows that the initial (arterial) part of the capillaries Fig. 9 . Schematic sketch to summarize the proposed fate of ATP exocytosed from a B cell together with other secretory contents of the endocrine granule.
Most of the ATP is immediately converted to adenosine already in the perivascular space between endocrine cell and endothelial layer. Adenosine can be taken up (indicated o-) by any kind of neighbouring cells and re-used via the salvage pathway. Adenosine may also stimulate specific receptors (indicated -, 0), so causing relaxation of contractile cells and inhibiting the synthesis of cyclic AMP in the endocrine cell (negative feed back mechanism). Adenosine may also reach the capillary lumen, from where it is effectively eliminated by uptake into leukocytes. However, some adenosine may also reach initial draining veins and act as a vasodilalator, there. Vascular endothelium is provided with all the enzymes necessary to split down any ATP, ADP, or AMP, that might enter the capillary lumen, to convert these substances to adenosine. remains unstained. Therefore the staining for AMPase is no suitable method to study the topography of the pancreatic vasculature, as is the staining for ADPase. The insular parenchyma displays faint reactivity for AMPase, which is homogeneously distributed in the endocrine cells and not confined to the cell surfaces.
Staining for alPase with the classical G0MORI method shows no satisfactory results. Endothelia in the pancreatic vascular bed are only partly reactive when applying this method; particularly the periductal plexuses are stained and endothelia in small arteries. By contrast, when using the tetrazolium method the entire vascular architecture is clearly demonstrated, together with a faint reactivity of insular non-B cells (Figs. 5, 6 ). The alPase reaction is rapidly developed even at room temperature, in unfixed sections as well as after formalin fixation. In the latter case, however, diffusion artifacts are limited, most probably as a result of partial inactivation of the enzyme. The islets characteristically show a vascular hilus where a strongly stained arteriole enters and branches. A group of A cells which show faint alPase reactivity, is frequently positioned around these initial branching points. The opposite circumference of the islet is bordered by pen-insular tissue that only rarely is traversed by insulo-acinar vascular connections and that is scarcely vascularized in general; so it appears as a halo free of capillaries around the islet (Fig. 5) . The larger the islet, the more pronounced is that halo. Higher magnification of alPase positive vessels within the islets shows considerable differences in enzymic activity along the vascular bed (arrow in Fig. 6 ). The question thus arises as to whether or not there might be segments of the capillary bed devoid of alPase activity. Such capillaries easily might be overlooked when remaining unstaind after applying the alPase method to 10 um thick frozen sections. Therefore islets together with few pen-insular exocrine tissue were isolated and incubated for alPase in toto. The specimens were embedded in LR white, a hydrophilic resin that does not dissolve f ormazan deposits, as is the case with monomer Epon or Araldit. In semithin sections from this material unreactive capillaries and venules are clearly discerned side by side with reactive vessels (Fig. 7) . The formazan deposits also withstand osmification and the material can be studied in the electron microscope (Fig. 8) . Capillaries with fenestrated or continuous endothelial lining, capillaries provided with pericytes or not, vessels lying in the endocrine or exocrine parenchyma, all these vessels can be found reactive or not without any rule.
Control reactions revealed considerable alPase activity (tetrazolium method) when incubation is performed at pH 7.2. The endothelium of small arteries and arterioles was found reactive under these conditions, as well as some capillaries in the islets and few capillaries in the exocrine gland. It was also noted that pancreatic alPase is not completely suppressed by 1 mM L-tetramisole. The endothelium of small arteries and arterioles remains reactive in the presence of the inhibitor.
All these findings are similar in rats and mice.
DISCUSSION
The described distribution of ATPase, ADPase, AMPase, and alPase indicates that ATP, which is co-released in the islet organ, readily is split down to AMP and adenosine, most probably before entering the capillary lumen within the islet proper, at least in the immediate vicinity of the islets. Figure 9 shows a summary of these events after exocytosis of ATP at the surface of an insular B-cell. In the present study ATPase activity and AMPase activity was not convincingly shown at the cell surface of the endocrine islet cells. However, there is no doubt that these enzymes are present as regular constituents of outer cell membranes. Short incubation times were used in order to obtain clear location of the strong enzymic activities in the vascular bed. Prolonged incubation also reveales enzymic activities in the endocrine cells but diffusing reaction product from the vascular bed obscures the picture. Electron cytochemical studies on isolated cells will provide clear results. Hydrolysis of AMP already was studied on isolated endocrine pancreas cells. AMP splitting activities were located as ectoenzyme on the outer cell membrane but also an intracellular AMP splitting enzymic activity was noted after homogenization (LERNMARK et al., 1979) . These findings are consistent with the observation of diffusely stained insular parenchyma after prolonged incubation with AMP. The reported enzymic activity of alPase at physiological pH values also may contribute to the events compiled in Figure 9 . Adenosine most probably is eliminated by re-uptake into neighbouring cells and also into the paraneuron, to be re-used via the salvage pathway of purines. In addition, adenosine could occupy specialized receptors (A-l, A-2 receptors) on contractile cells and supposedly on the paraneurons.
Adenosine is known to influence the cyclic AMP system, which in pancreatic B cells modulates the set point for the Ca-messenger system (RASMUSSEN and BARRETT, 1984) . HEDESxov (1980) and MALAISSE (1973) presented evi-dence that increased levels of cyclic AMP cause an enhanced response to glucose stimulation. Activation of A-1 receptors leads to a decrease in cyclic AMP formation and therefore adenosine may be the agonist of an inhibitory feed-back-loop (autocriny).
It seems likely that part of the exocytosed ATP also can reach the vascular bed, most probably becoming transformed to AMP or adenosine when entering the capillary lumen. These molecules are subject for re-uptake by white blood cells but also may reach initial veins and exert vasoactive effects. It is of particular interest that OHTANI and coworkers (1986) described the presence of sphincterlike constrictions in the emissary veins of islets. The authors discuss a regulatory function for islet blood flow of these sphincters. It is now suggested, that the venous sphincters are influenced (relaxed) by adenosine. Histochemically demonstrable strong AMPase activity has been found to be confined to the veneous segments of the capillary network and to initial veins (Fig. 4) . This particular location of the enzyme ensures the transformation of all AMP to adenosine in the region of initial veins and so also in the regions of the sphincters.
The observation of a halo free of capillaries (Fig. 5 ) around larger islets, a region that comprises the functionally peculiar pen-insular exocrine portion (MALAISSE-LAGAE et al., 1976) , corresponds to the former observations. When viewing micrographs of vascular corrosion casts, the distinct separation of larger islets from the surrounding threedimensional meshwork of capillaries is evident (see OHTANI et al., 1983 ; their Fig. 7 ) . Such a vascular separation seems to be pronounced in larger islets (which dispose of one or more draining veins with sphincters) but are not clear in smaller ones which are intimately connected to the exocrine tissue by insulo-acinar vascular connections.
